A scanning tunneling microscope (STM) can provide atomic-resolution images of samples in ultra-high vacuum, moderate vacuum, gases including air at atmospheric pressure, and liquids including oil, water, liquid nitrogen, and even conductive solutions. This review contains images of single-crystal metals, metal films, both elemental and compound semiconductors, superconductors, layered materials, adsorbed atoms, and even DNA. A discussion of results on lithography leads into speculations on a bright future in which STMs may not only observe, but also manipulate surfaces, right down to the atomic level.
I. INTRODUCTION
Scanning tunneling microscopy'-J reveals three-dimensional pictures of surfaces-even individual atoms. The lefthand column of Fig. I shows the basic "constant current" mode of operation. 1-3 A tip is brought close enough to the surface that, at a convenient operating voltage (2 m V -2 V), the tunneling current is measurable. The tip is scanned over a surface while the current I, between it and the surface, is sensed. A feedback network changes the height of the tip z to keep the current constant. Since the current varies exponentially with the gap between the tip and the surface, this keeps the gap nearly constant. An image consists of a map z (x,y) of tip height z versus lateral position x,y. The simplest scheme for plotting the image is shown in the graph below the schematic view. The height z is plotted versus the scan position x. An image consists of multiple scans displaced laterally from each other in the y direction. The pseudo-three-dimensional appearance results from plotting a weighted combination of z andy vs x.
Alternatively, in the constant height mode 4 a tip can be scanned across a surface at nearly constant height and constant voltage while the current is monitored, as shown in the right-hand column of Fig. 1 . In this case the feedback network responds only rapidly enough to keep the average current constant. As shown in the graph below the schemat· ic view, the rapid variations in current due to the tip passing over surface features such as atoms, are plotted versus scan position. Again, an image consists of mUltiple scans displaced laterally from each other in the y direction. In this case a weighted sum of I andy is plotted versus x.
In the constant height mode it is also possible to scan the tip across a surface at nearly constant height and constant current while the voltage is monitored. In this case the feedback network responds only rapidly enough to keep the average voltage constant. The rapid variations in voltage due to the tip passing over surface features such as atoms, are plotted versus scan position.
Each mode has its own advantages. The basic constantcurrent mode was first historically and has been used for almost all the images in this review. It reduces to a classical topograph in the limit of dimensions;;;: 10 A. It can be used to track surfaces which are not atomically flat. On the other hand, the constant height mode allows for much faster imaging of atomically flat surfaces since only the electronics-not the z translator-must respond to the atoms passing under the tip. The fastest scan rate in currently published articles is -10 Hz for the basic mode, but 1 kHz for the constant height mode. Fast imaging is important in both modes since it may enable researchers to study processes in real time as well as reducing data collection time. Fast imaging also minimizes image distortion due to piezoelectric creep and thermal drift.
For both modes of operation the images can be plotted in various other ways. For example, the darkness at each point (xJ') in the image can be determined by the heightz, or current I, or voltage V, producing a grey-scale image as shown in Fig. 2 .5 Similarly the color at each point (x,y) in the image can be determined by z, I, or V producing a false color image, beautiful to behold, but not publishable in most journals. Line images can be enhanced by various computer assisted techniques such as hidden line suppression, cross hatching between lines, and rotation. As shown in Fig. 3 , rotation can sometimes make surface features easier to see. 6 The rest of this review begins with the invention of scanning tunneling microscopy, and continues with a section on theory that emphasizes the aspects that relate directly to the interpretation of experimental images. Next, the section on experimental methods tells the basic physics, technology and tricks involved in building a tunneling microscope. Then the experimental results section displays representative work of twelve groups and discusses the work of more. This section is divided into subsections on metals, semiconductors, superconductors, and low-temperature spectroscopy, layered materials, adsorbed materials and biological materials, lithography, and speculations on the future. Finally, after the summary and acknowledgments there is an appendix on vibration isolation.
II. DISCOVERY
The recent rapid growth in scanning tunneling microscopy began with the pioneering work of G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel, and their collaborators at IBM Zurich Laboratories. Figure 4 shows a schematic view of one of their designs 7 together with magnified views of the tip and sample. It was fascinating enough when they reported obtaining first tunneling M and then images, 1.2 but real excitement started with their observation of atomic scale features on a silicon surface,3 reconstructed metal surfaces, H. 9 and chemisorbed molecules. 10 These observations and others that they have made will be discussed in Sec. V.
The development of tunneling microscopy was anticipated by a similar device, the topografiner, 11.12 developed by FIG Russell Young, Clayton Teague, and collaborators at the National Bureau of Standards ten years before the development of the scanning tunneling microscope. Figure 5 shows line images of a diffraction grating taken with the "topografiner. Figure 6 shows previously unpublished work of theirs that may anticipate further development in tunneling microscopy. In this image the output of a channeltron electron multiplier pointed at the surface is plotted in a grey scale image as a function of the position of the tip above the sur-IfL R3 J. Appl. Phys., Vol. 61. No.2, 15 January 1987 face. In the future, researchers may find it useful to plot the output of this and other devices monitoring the surface while the surface is being scanned with the tip. For example, it might be fruitful to plot the light output from a rough silver surface being scanned with a tip at relatively high bias voltage ( > 2 V) to study the details of the e1ectron-to-photon conversion efficiency at various topographic features.
III. THEORY

A. Introduction
One of the very appealing features ofSTM is that it gives images which appear to be simply direct topographs of the surface. This view, although somewhat naive, is quite adequate in many cases. 1 However, with the advent of "atomic resolution" imaging, ~ it became apparent that a more microscopic understanding of STM was required. Here we survey theoretical work in STM, emphasizing those aspects of the theory which relate directly to the interpretation of experimental images.
Early analyses 1 of the tunneling current and STM image were based on analogy with the one-dimensional tunneling problem. There it is well known that the tunneling current (at low voltage and temperature) behaves as I a: exp( -2Kd), (l) where I is the current, d is the distance betwen electrodes, and K is the decay constant for the wave functions in the barrier. In this case of vacuum tunneling, K is related to the effective local work function tjJ by K = fz- ' ,,/2mtjJ, (2) where m is the electron mass.
For a typical work function of 4 eV, K = 1.0 A -I, and the current decreases by an order of magnitude when the gap d is increased by only 1 A. If the current is kept constant to within, e.g., 2%, then the gap d remains constant to within 0.01 A. This fact is the basis for interpreting the image as simply a contour of constant height above the surface. Unfortunately, this simple picture breaks down just when STM becomes really interesting. When an atomically sharp tip is scanned across a plane of atoms in constantcurrent imaging mode, yielding an image with subangstrom corrugations, it is not clear exactly what distance might play the role of din ( 1). Moreover, since tunneling involves states at the Fermi level, which themselves may have a complex spatial structure, we must expect that the electronic structureofthe surface and tip may enter in a complex way. Many researchers have therefore recently considered the full threedimensional tunneling problem as it relates to STM. 13 -20 
B. Tunneling current
At the surface-tip separations of interest in STM, of order 4 A or more, the surface-tip interaction is extremely weak. It is natural then to calculate the tunneling current in first-order perturbation theory, which is essentially exact in this case. At low temperatures, this current is just where Mpv is the tunneling matrix element,f(E) is the Fermi function, Vis the voltage across the barrier, and Ep is the energy of the state,u, where,u and v run over all the states of the tip and surface, respectively.
Bardeen showed 21 that the tunneling matrix element Mpv could be written in a particularly convenient form, which requires knowledge only ofthe wave functions of the two electrodes separately. Specifically,
where IJI v is the wave function, and the integral is over any plane in the barrier region. The quantity in parentheses is just the current operator. In principle, (3) and (4) are all that is needed to calculate the current, and hence the STM image.
This result has been exploited by many groups to study the STM tunneling current. [13] [14] [15] [16] [17] [18] Most recently, Lang showed 17 that (3) and (4) could be generalized to obtain an explicit formula for the current density j(r), and he reported 18 the first calculations in which both the surface and tip consisted of real atoms instead of a model potential well. Figure 7 shows the calculated 18 current density distribution in the vacuum barrier between a surface and tip, each consisting of a single atom adsorbed on a jelli urn surface.
In addition, a few groups 19.20 have studied the tunneling current by calculating the transmission coefficient for electrons incident on a corrugated barrier. However, this approach has significant disadvantages, 16 and it has not been actively pursued since those early studies.
C. Interpretation of images
The theory of tunneling makes no distinction between surface and tip. However, in STM, this distinction is crucial. Ideally, one would like to relate the STM image directly to a property of the surface, whereas in any exact analysis the current involves a complicated convolution of the electronic spectra of surface and tip. [13] [14] [15] [16] Tersoff and Hamann observed 14 that the tip properties can be taken out of the problem by considering a particular model for the tip, motivated as follows. The ideal scanning -10 "-, I  I  I  I  I  I  I  I   I  I   I   I   I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I   o   10 20 30
Contour map of current density (relative to background current between jellium electrodes) j, /jo for S adatom on the left electrode and Na adatom on the right electrode, for three values of the lateral separation (10, 6, and 0 Bohr), in the plane normal to the surfaces that includes both nuclei. tunneling microscope would have the greatest possible resolution, and would measure an intrinsic property of the unperturbed surface, rather than a property of the joint surface-tip system. These goals would be best achieved by a tip whose potential and wave functions were arbitrarily localized. In that case, in the limit of small voltage, the tunneling conductance is 14 a a:. p(r"E F ), (5) where r, is the tip position, EF is the Fermi energy, and
is the surface local density of states (LDOS) at point rand energy E. (We speak of conductance rather than current since the former becomes independent of voltage in the limit of small voltage.) In this simple limit, then, the STM image has a straightforward interpretation. The current is proportional to the surface LDOS at EF at the tip position, so the tip path maps out a contour of constant Fermi-level LDOS afthe bare surface. Tersoff and Hamann 13.14 showed that this result could be extended to a tip of arbitrary size, a long as the tip wave functions at EF could be adequately approximated by an swave wave function, and r, is taken as the center of curvature of the tip wave function. They also gave an explicit formula for the proportionality constant. Moreover, including higher I-wave components in the wave function was shown to give only minor quantitative modifications for reasonably smalll. Therefore, (5) is almost certainly adequate whenever the tip is effectively a single atom, and is probably fine even for a small cluster of atoms, as long as the effective center is suitably chosen.
In fact, the accuracy of (5) for an atomically sharp tip has recently been directly confirmed by Lang, IN who performed essentially exact calculations using the real wavefunctions of the surface and tip shown in Fig. 7 . Figures 8 and 9 compare the images obtained from the full calculation (solid line) with the almost identical result of (5) (dotdashed line).
By relating the image to a property of the surface alone, it becomes possible to calculate STM images for real surfaces. The required calculation (6) is very similar to the calculation of charge density (although more demanding numerically), and so standard methods can be applied. To date, such calculations have been reported for only a very few surfaces. D , 14,22 As an example, the results for Au( I 10) are shown in Fig. 10 . If an effective tip radius of 9 A is assumed, then the tip center of curvature is expected to follow the dashed contours. With this one assumption, the corrugation amplitudes calculated for both surfaces were in quantitative agreement with experiment,9 as was the vacuum gap distance. 
D. Resolution
By examining the properties of pCr,E), it is possible to derive some general results concerning the STM image. In particular, one can estimate the resolution, as has been done by Tersotf and Hamann, 13, 14 and by StollY Some care is required in discussing STM resolution. Normally resolution is defined in terms of an ideal image 10Cx), an instrumental resolution function FCx), and a resulting experimental image which is a convolution of the two: lex) = J F(y)lo(x -y)dy. (7) Thus to define the resolution requires first defining the ideal image 1 0 , If F were known exactly, then in the absence of noise one could deconvolute the experimental image, and no information would be lost even with a poor nominal resolution, i.e., a broad function F.
One could, of course, choose the contour of constant p(r,E F ) which the tip follows as 1 0 , In that case the STM image [within the level of approximation of C 5)] represents 10 exactly, and so the resolution is perfect. However, the STM image becomes less corrugated, and loses its detailed features, as the tunneling distance (or tip size) is increased. It seems attractive, therefore, to try defining 10 to be some property in the plane of the surface, and then relate the image to a convolution of 10 with an instrumental resolution function. 13, 14, 23 While such a deconvolution is not possible in general for a nonlinear imaging process, in the limit of small corrugation the problem can be linearized, and so a resolution function can be defined. One then finds B ,14.2J that the resolution may be characterized by a function F whose rms width W is typically
under certain reasonable assumptions. Here z is the sum of the tip radius and the vacuum gap distance. For example, with a single atom tip one might find z as small as 5 A, in which case W = 1.6 A.
......
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Often one is not interested in the nominal resolution, but rather in the ability of the instrument to separate two peaks, or to detect the atomic corrugation of a relatively closepacked surface. This ability depends on both the resolution and the noise level. We may choose as a criterion of sensitivity that the signal-to-noise ratio be at least 1: 1. Then for a surface with lattice constant a, if the noise with Fourier component G = 21T/a has an amplitude nG' the signal [i.e., the corrugation of p (r,E F») must have a least equal amplitude to be reliably measured. In the small-corrugation limit valid far from the surface, the corrugation is roughlyl4
Ll=:<2K -I exp( -zG"/4K) =:<2K-I exp( -G 2 il'"/2).
The criterion Ll>n(j may then be rewritten
where a is the closest that equivalent atoms may be and still satisfy the signal-to-noise crite6on.
Note that a is proportional to W, but also depends somewhat upon the noise level. For example, with a noise amplitude of 0.1 A, one finds that only atoms separated by at least 4 A or so can be accurately resolved. This is consistent with the best resolution normally obtained in STM of metal surfaces. Note that this estimate is relatively insensitive to the precise noise level assumed in ( 10), and even to the tip-surface distance in (8), as long as physically reasonable values are used. While the assumptions underlying the above results (8 )-( 10) are reasonably general, they may still fail drastically in special cases. For example, in the case of graphite, it was recently shown 24 that the resolution and sensitivity become essentially infinite in the nominal limit (5), when (8)-( 10) are rederived taking account of the fact that the projection of the Fermi surface onto the surface Brillouin zone is concentrated very near the comer of the Brillouin zone. As a result, the unit cells may be clearly distinguished in the experimental image, even though they are only 2 A apart. Some related enhancement in the resolution may also occur for semiconductors, if the tunneling is to surface states near the Brillouin zone edge.
E. Image simulation for data analysis
So far we have emphasized that the simplicity of the result (5) for the STM image permits direct calculation of images for real surfaces. However, this is only practical at present for rather simple surfaces with small unit cells. For large-periodicity reconstructions, such as the SiC Ill) 7 X 7 surface, and especially for disordered surfaces, calculations of the surface electronic structure are simply not feasible.
In addition, for theoretical calculations to be truly useful in analyzing experimental data, it is necessary that one be able to calculate images for a variety of possible models for the surface, so as to see which if any are compatible with the experimental data. However, the calculations required for even a single fairly simple surface geometry may tax the limits of present computational capabilities, 13.14 rendering such an analysis impractical.
In response to these problems, Tersoff and Hamann proposed 14 a crude but extremely convenient scheme for calculating the STM image without any calculation of the electronic structure. They showed 14 that, under certain reasonable assumptions, the real image would in many cases bear a strong similarity to the total charge density. This result was confirmed in calculations by Lang, 1M especially in the case of metallic atoms, as shown in Fig. 9 . (Even for a nonmetallic atom Lang found good qualitative agreement between the charge density contour and the full image, as in Fig. 8 .) The most severe approximation in the simplified scheme is that the charge density was then modelled by a superposition of atomic charge densities. 14.25 This scheme is best suited to simple and noble metals, and was shown 14 to describe the experimental results in the case of Au surfaces just as well as the full calculation. Such a simplistic approach may however be expected to fail drastically in some cases, in particular for chemically heterogeneous surfaces. 2s The scheme also fails when the states at EF are concentrated in a small part of the surface Brillouin zone, as frequently happens for quasi-two-dimensional materials, or for tunneling to surface states. 24 Nevertheless, the method was used with remarkable success by Tromp, Ramers, and Demuth 26 to interpret images of the SiC 111) 7X 7. This approach made it possible, for the first time, to unambiguously extract detailed structural information from the STM images of that surface. Those authors 26 collected a number of structural models which had been proposed as "consistent" with the STM images of Si ( Ill) 7 X 7, and simulated the expected images using the method of Ref. 14. These were compared with experimental images taken under bias conditions chosen to minimize the effect of surface electronic structure. Only the adatom models bore a quantitative resemblance to the experimental images, and in particular the model proposed by Takayanagi gave almost perfect agreement with the simulated image throughout the unit cell. 26 This remarkable level of agreement is illustrated in Fig.  11 , which compares the experimental image with the simulated images for various models. Of course, there is no reason in general to expect atom superposition to give such quantitative agreement with experiment, and for Si ( III ) 7 X 7 this agreement was found only under particular bias conditions. Nevertheless, it is hard to imagine that such agreement could occur for a model which did not correspond in its essentials to the actual surface structure.
F. Spatially resolved tunneling spectroscopy
As demonstrated by the work of Tromp, Ramers, and Demuth,26 the use ofSTM as a tool for determining surface structure has already reached quite an advanced stage. A newer application of STM is spatially resolved surface tunneling spectroscopy. In this approach, one varies the tunneling voltage in order to obtain current-voltage spectra from specific points on the surface. Peaks in the derivatives of these spectra are interpreted as corresponding to energies of high LDOS, e.g., surface states or resonances. Alternatively, images (or voltage derivatives of images) may be taken at specific bias voltages to highlight the spatial distribution of R7 J. Appl. Phys., Vol. 61, No.2, 15 January 1987 particular states. Only a few such investigations have so far been reported experimentally, using various modes (spectra at constant current or constant tip position, images at a given voltage at constant current, or constant height above the surface).27.28
In principle, the tunneling at arbitrary voltage (below the field emission threshold) can be calculated from (3) and ( 4) . The only theoretical calculations so far for STM spectroscopy were reported by Selloni et at. 22 By assuming that the voltage dependence of the transmission coefficient through the barrier can be neglected relative to the voltage dependence of the density of states, and that the tip density of states is sufficiently featureless, they obtained the formula
for the differential conductance, where T( V) is the transmission coefficient of the barrier at voltage V.
Contour plots of surfaces of constant p(r,E F + eV)
were calculated 22 for graphite at several voltages V, and these are shown in Fig.I2 . The unexpectedly large corrugation at small voltage, and the strong voltage dependence of the corrugation, were subsequently confirmed experimentally.29 Of course, the precise relationship between dI/dV and the spectra or images depends on the experiment mode used in taking the data.
IV. EXPERIMENTAL METHODS
A. x, y, and z translators
All published images so far have come from instruments that use piezoelectric elements as x, y, and z translators.
These elements have been in the form of blocks, intricate shapes cut from blocks, rods, and bimorphs. A particularly elegant design using a single tube has recently been described by Binnig and Smith.'o The primary design goal for the translators is to have them as rigid as possible for a given scan range. Specifically, the figures of merit are the resonant frequencies of the translator assembly in each orthogonal direction. These frequencies should definitely be above I kHz; frequencies above 30 kHz have been achieved; frequencies above 100 kHz are achievable.
It is important to have the resonant frequencies high not only because they determine the speed with which the microscope can be scanned, but also because they determine its rigidity against vibration.
B. Vibration Isolation
The first tunneling microscope used superconducting levitation for vibration isolation. the next generation used damped springs, air tables, and rubber mounts. Some recent IBM microscopes use compact stacks of stainless steel and Viton. In general the trend has been toward compactness and simplicity since it has become clear that increasing the rigidity of microscopes can be more conveniently achieved than perfecting a vibration isoiation system. Nevertheless, it is true that the performance of a given microscope can be improved by improving the vibration isolation. It is therefore worth spending a little time, if you have not already, on the basis of vibration isolation as· applied to tunneling microscopy. The Appendix has a very simple treatment. More advanced treatments can be found in mechanical engineering texts.
In the future compact, active vibration isolation systems may be developed and found to be desirable to enhance the performance of a microscope with given rigidity. Passive vibration isolation systems with good attenuation at typical building resonances ( -20 Hz) must be large. Thus they are specially suited to microscopes that operate in air, gases or fluids because these microscopes usually don't have the space or vacuum compatibility problems encountered with ultra-high vacuum (UHV) instruments.
C. Coarse sample positioning
In the first modem tunneling microscopes the coarse sample positioning (to within tite scan ranges of the x,y, and z translators) was done with a "Louse," a piezoelectric walker shown as "L" in Fig. 4 . The Louse cannot only advance the sample toward the tip, but also move it laterally, and even back it away and rotate it to face other surface analytical equipment.
Some researchers have, however, sacrificed some of the freedom of motion provided by a Louse to obtain simpler and smoother coarse sample positioning. For example, Demuth has developed an elegant mechanical system with one rotary feed through providing not only smooth, precise positioning when the tip is close to the sample but also a large range of motion (several cm) when it is further away from the sample. Two generaIIy useful techniques are (1) differential springs and (2) levers. For a differential spring mechanism a precise linear motion (often micrometer driven) deforms a weak spring with spring constant k 1 • This spring is connected to a sample support that flexes with a much larger spring constant k2 to advance the sample toward the tip. For example, if the ratio of spring constants is k2/ k I = 1000, a I-in.
travel micrometer adjustable to 0.001 in. will give 25 pm of sample motion adjustable to 250 A.
Similarly, fine-pitched screws can drive one end of a lever that pivots near the sample. For example, a 80 thread per cm screw, driven by a rotary feed through with a 50-to-l reduction gear, driving a lever with a 10-to-l mechanical disadvantage over a range of 2 mm will give 200 pm of sample motion adjustable to roughly 7 A per degree motion of the rotary feed through.
D. Tip preparation
When tunneling microscopists got together in the past a big topic of conversation was the latest recipes for tip preparation. Almost all experiments to date have been done with tungsten wires either ground (on a grindstone!) or etched to a radius typically in the range O. 1-10 j..tm.
These sharpened wires sometimes produce atomic resolution images with no further treatment indicating that there was at least one atomically sharp tip projecting out from the (relatively dull) end. More generally, a recipe for in situ processing was used. Sample recipes are as follows.
(1) Withdraw the tip more than 1000 A from the sample. Apply a high enough voltage (of order several hundred volts) to get a field emission current of a few microamps, turn down the voltage as soon as any sudden jump in the current occurs (useful only in high vacuum).
(2) Apply an oscillating voltage at ~ 1 kHz to the z piezo in addition to the feedback voltage. Increase the magnitude of the oscillating voltage until there is an abrupt change in the feedback voltage.
(3) Set up in a tunneling configuration with the tip scanning over the surface and just wait about 10 min to 1 h.
After the tip was formed by methods (1) or (2) it was prudent to move it laterally to a new region of the sample since these methods for tip forming could modify the surface directly under the tip.
More recently there is a growing consensus that an etched tip that appears sharp under a high-quality optical microscope (operated at 200X or above) will give atomic resolution almost every time either immediately or after a wait as listed in method (3 )-if it is not banged into the surface and thus flattened. "Appears sharp" means that no radius can be observed at the end with the optical microscope. This in turn means that the tip radius is :S 2000 A.
Clearly, however, tip characterization and preparation is still an important area for future developmental work. At least two groups (H. Fink at IBM Zurich and Y. Kuk and P. J. Silverman at Bell Laboratories) are working with instruments to do tip characterization with field ion microscopy (FIM) and STM in the same vacuum system.
A beautiful film by Fink showing the reproducible creation of a tip terminated with a triad of atoms by the techniques of field ion microscopists was a highlight of a 1985 conference on STM in Oberlech, Austria.
E. Electronics
The electronics for STM is straightforward. Most of the pieces are commercially available. Basically, what is needed is (1) a source for the x and y raster voltages, (2) highvoltage amplifiers to drive the piezoelectric elements, (3) a voltage source and current sensing amplifier to establish and sense the tunneling current between the tip and the sample, ( 4) an error amplifier to amplify and (usually) integrate the difference between the tunneling current and some set-point current, and (5) a display device for the images. Many laboratories use a computer for ( I ) and (5). Other laboratories use function generators for (I) and a storage oscilloscope, chart recorder, or image recorder for (5).
The high-voltage amplifiers can be homebuiIt but are available commercially (e.g., from Kepco). The voltage source and current sensing amplifier are available commercially. The voltage source is easy with no special requirements. The current sensing amplifier is easy for scan rates S 10 Hz and more difficult for higher scan rates. Commercial current amplifiers (e.g., Keithly 427) have been used by several groups for scan rates S 1 Hz. Somewhat faster is a commercial low-noise amplifier (e.g., PAR 1 13) looking at the voltage across a 10 5 -10 6 0 resistor in series with the junctions. The fastest is a compact current-sensing amplifier very close to the junction to minimize capacitance. This can, however, be a problem in baked vacuum systems.
The one instrument that most researchers have had custom built (or built themselves) is the error amplifier. The main reason is that it turns out to be useful to have a logarithmic amplifier (e.g., Analog Devices AD 755P) to linearize the feedback loop since the tunneling current is exponentially dependent on distance. This desirable, but not essential, logarithmic amplifier is usually followed by the comparator for set point current and then an integrator. The integrator has infinite gain at dc so there will be no net, long-term difference between the operating current and the set point cur-R9 J. Appl. Phys., Vol. 61, No.2, 15 January 19B7 rent. The overall gain of the error amplifier is adjusted to be as high as possible without causing oscillations. Here again, the more rigid the microscope, the higher its resonant frequencies, and the higher the gain can be set. Typically it can be set for unity gain at a frequency of order 1 kHz. This adjustment should, however, be easily accessible and adjustable over a wide range since the optimal setting changes with tip condition and effective work function.
Sometimes a small additional increase in gain and hence speed of response can be obtained by putting a low pass filter with cutoff frequency above the unity gain point but below the resonant frequency. Further details on optimization of feedback systems are beyond the scope of this article.
A sometimes difficult decision is whether or not to computerize the apparatus, specifically, whether to use a computer to at least supply the x and y raster voltages and record the images (and perhaps also determine bias voltage and tunneling current, control tip advance, etc). The advantages include flexibility, elegance, and image enhancement. For operation in UHV, where images are stable for minutes or even hours, the choice of most researchers has been to computerize.
For operation in air or liquids, where images can change in seconds, researchers have tended to use function generators and storage oscilloscopes or image enhancers. For example, Bryant, Smith, and Quate 4 have used raster scan rates of over 1 kHz, and recorded over 10 4 images per hour on a VCR via an image enhancer (Arlunya TF511l). The images can be played back later using freeze-frame for detailed inspection or photography and then transferred to a computer for further image enhancement.
V. REPRESENTATIVE EXPERIMENTAL RESULTS
A. Metals Figure 13 shows plateaus on a Au(lOO) surfaces separated by monatomic steps.31 The corrugations on the plateaus are due to a reconstruction. This reconstruction shows up in low-energy electron diffraction (LEED) patterns as shown in the inset. A similar reconstruction also occurs on the (100) surfaces ofPt and Ir.32 Higher-resolution images 31 showed that the reconstruction is not the same all over the plateaus. The tunneling microscope could detect subtle variations in the atom positions at different locations. For example, at some locations there were two rows of atoms at the top of the five-row corrugation pattern while at other locations there was only one row at the top.JI Careful analysis of these subtle variations leads to the conclusion that the Au( 1(0) surface is covered by a slightly rotated (0. n, isotropic ally contracted (by 3.82%) hexagonal top layer, forming an incommensurate Au-on-Au structure.
The ability of the tunneling microscope to see the subtle variations within surface reconstructions makes it an enormously powerful tool. We can expect it to be used by many groups to obtain definitive results on metal surface reconstructions in the future. Figure 14 shows terraces separated by steps on a Ag( 100) surface. 33 This image was obtained with a tunneling microscope designed to be rigid, with low thermal Figure 15 shows terraces separated by steps on a Pd( 100) su rface. 34 These steps are closer than in Figs. 13 and 14 because the Pd crystal was tilted by 3.7° from the 100 direction.
A good study of the pte 100) surface by Behm, et al. 35 shows not only terraces and steps, but also the reconstructions on the terraces. Of particular interest was that different terraces had reconstructions that were rotated with respect to each other. The reconstruction on a single terrace continued all the way to the boundaries of that terrace.
The ( 110) surfaces of noble metals have also been studied. In fact, images of the Au ( I 10) surface appeared in the first paper on tunneling microscopy to show atomic steps and terraces. J A later, more detailed study9 of the terraces showed that a 1 X 2 reconstruction was driven by the formation of ( III) facets.
The Au( 110) surface was also used by Becker, Golovchenko, and Swartzentruber J6 for some elegant electron interferometry studies in which electron standing waves between the Au surface and a W tip were revealed by monitoring dI IdVversus bias voltage. Figure 16 shows a pte 110) surface with a large density ofsteps.37 Features with 2-and 3-atom periodicity were de- Polished surfaces that are used as surface finish standards have also been imaged with a tunneling microscope by Garcia et al. 40 Roughness on a lateral scale too small to be revealed with conventional diamond stylus profiling instruments was clearly resolved with the tunneling microscope. This investigation was made with the tunneling microscope operating not in high vacuum, as for the studies discussed so far, but in air at atmospheric pressure! More recently this same group has demonstrated imag- ing in air of a variety of other surfaces 41 : a Au( 100) single crystal, a Pt film on mica, a CdTe film on glass, and a TiO z oxide layer on polycrystalline Ti foil. They emphasize that it is possible to study technologically important surfaces under the actual conditions in which they will be used. Figure 17 shows an example of using a tunneling microscope to study a surface in a technologically important environment: an aqueous solution. 42 The gold surface was submerged in a dilute saline solution. A key to making the tunneling microscope work in a conductive solution was using a needle that was designed for intracellular recording and was covered with glass insulation except very near the tip. These needles are commercially available. 43 Operation in aqueous solutions opens new opportunities for research in electrochemistry and, possibly, biology. Figure 18 shows that the electrical characteristics that can be measured by hovering the tip of a tunneling microscope over one region of a sample contain information about the electronic states of the sample. 44 Specifically, in this case the surface state 0.4 eV below the Fermi level of a Au( Ill) plot of dI /dV versus voltage is clearly revealed. Spatially resolved spectroscopy on metal surfaces should be possible and is an opportunity for pioneering research.
Semiconductors
Semiconductor surfaces in general and semiconductor surface reconstructions in particular have been excellent subjects for investigations with tunneling microscopes. Much of the rapid growth in tunneling and microscopy can be traced to the pioneering work ofBinnig, Rohrer, Gerber, and Weibel and the 7 X 7 reconstruction of Si ( Ill) (Refs. 3 and 45). These first atomic resolution images not only contributed to the solution of a long standing problem in surface science, but also clearly demonstrated the potential of tunneling microscopy. Figure 19 shows a particularly beautiful and informative image 4 t. of this famous reconstruction. Note that the reconstruction continues unmodified right up to step edges. This image was enhanced with an IRIS processor using curvature shading. Points with curvature downwards (lumps) are given light values while points with curvature upwards (pits) are given dark values.
Becker, Golovchenko, Hamann, and Swartentruber 28 have observed not only topology, but also surface states on the Si ( III ) 7 X 7 surface. The states' energies and strengths were strongly dependent on position in the unit mesh. More recently, Hamers, Tromp, and Demuth 47 measured the electrical characteristics above each of the exposed atoms on this same surface. This type of spatially resolved spectroscopy has enormous potential for helping scientists and engineers to achieve a detailed understanding of the electronic properties of semiconductor surfaces on the microscopic scale.
As discussed in Sec. III and illustrated in Fig. 11 , Tromp, Hamers, and Demuth 26 have also used tunneling microscope images to select the most likely model of the surface from many candidates. They show that the model of Takayanagj4R fits their observed images best. Golovchenko came to the same conclusion and discusses it in a recent, excellent summary of results on the 7 X 7 reconstruction of the Si ( Ill) surface. 49 Figure 20 shows that if silicon is cleaved to expose the ( Ill) surface the reconstruction is 2 X 1 rather that 7 X 7. 50 This 2 X I reconstruction is metastable and will convert to the 7 X 7 if the surface is annealed at 300-600 dc. 51 The images of the 2 X 1 reconstruction support the 1T-bonded chain structure proposed by Pandey. 52-54 Voltage dependence of the images revealed disorder-related surface states. 50 One of the authors of this paper, W. A. Thompson, anticipated the recent development of tunneling microscopy with his earlier work on direct vacuum tunneling. 55 Tromp, Hamers, and Demuth 56 also have imaged the (00 I) surface of Si and observed dimers. Both buckled and nonbuckled (symmetric) dimers are present, in roughly equal proportions, suggesting that their energies are nearly the same. The presence of the symmetric dimers shows up as a (2 X I ) diffraction pattern in LEED studies. 57 In some regions the buckled dimers were observed 5R to alternate in buckling direction. This would explain the c( 4 X 2) and p (2 X 2) symmetries also previously observed with LEED 59 and helium scattering. 60 In addition to detailing the nature of the reconstructions on carefully prepared, flat semiconductor surfaces, tunnel- ing microscopy can also reveal the nature of the microroughness on oxidized and ion-etched samples. Figure 21 is an image ofa (100) silicon waferthat has not been ion etched. 6 ! Figure 22 is an image ofa similar sample after ion etching. 61 Note the hillocks produced by the ion etching. An understanding of this type of microstructure may be of great importance as silicon technology is pushed to smaller and smaller structures. Before leaving our discussion of silicon, it is worthwhile to mention one difficulty in studying lightly doped silicon in particular and poorly conducting samples in general. Flores and Garcia 62 have discussed the voltage drop inside a semiconductor due to the spreading resistance. They calculated 21.. that this voltage drop can be several tenths of a volt for resistivities in the range of a few n cm. These voltage drops could be especially serious for spectroscopy on high-resistivity samples. Figure 23 shows the complex reconstruction on two terraces of a Ge( Ill) surface. 63 The basic symmetry of these reconstructions is c2 X 8 with p2 X 2 and c4 X 2 subunits. Becker, Golovchenko, and Swartzentruber 63 also observed regions with 7 X 7 reconstructions similar to those on Si(IIl).
Compound semiconductors have also been studied. In one of the first papers on tunneling microscopy !.~~heel, Binnig, and Rohrer 64 presented images of GaAs( 111) crystals grown by liquid-phase epitaxy. The images showed atomically flat terraces bounded by 6.s-A-high steps. Figure 24 shows more recent results on cleaved GaAs( 110) .65 The surface had a 1 X 1 periodicity. The dark regions in the center and lower left of the image were associated with point defects.
Finally, Fig. 25 shows the surface of an alloy semicon- ductor: GeSi.66 The 5 X 5 reconstruction on this (Ill) surface occurs at a stoichiometry of 50-SO. It looks like a miniature version of the 7 X 7 reconstruction; the distance between the corner holes is shortened. Thus tunneling microscopy can yield useful information on surface roughness, surface reconstructions, surface electronic states, and surface defects on a wide variety of semiconductors including compound semiconductors and alloys. c. Superconductors and low-temperature spectroscopy Ever since the Nobel-prize winning research of Giaever,67 tunneling has been used to gain a detailed understanding 68 -70 of the superconducting state. Now, with tunneling microscopy, that understanding can be extended to include spatial variations in superconducting properties on a microscopic scale. Figure 26 shows the first reported observation of superconducting energy gap measured with a tunneling microscope. 71 The value for the gap of 3.7 meV is within the expected range, based on other measurements. 72 The sample was a thin film of Nb 3 Sn on a sapphire substrate. This film was cleaned with ion bombardment after deposition. Figure 27 iJ]ustrates the potential of the tunneling microscope for studies of spatial variations of superconducting properties over microscopic lengths. 73 The ratio of the conductance at zero voltage to the conductance at voltages well above the superconducting gap voltage, a(V = 0)1 0'( V> a), is a sensitive measure ofthe presence of superconductivity. For tunneling to a superconductor well below its transition temperature this ratio is near zero. 67 -70 For tuntunneling to a normal conductor this ratio is near oneY-70 Thus the spectroscopic image shown in Fig. 7(a) reveals that there is a normal region at one corner of an otherwise superconducting sample. The topographic image shown in Fig. 7(b) reveals a corresponding change in the surface roughness.
Additional research opportunities for tunneling microscopy at low temperature include phonon spectroscopy68-70 and perhaps even molecular vibration spectroscopy.69,74
With conductance stability of order 1 % some phonons spectroscopy could be done. With stability of order 0.1 % most phonon spectroscopy and some molecular vibrational spectroscopy could be done. Finaily. with stability of order 0.01 %, detailed molecular vibrational spectra could be obtained. Figure 28 illustrates the type of phonon spectroscopy that has already been done on superconductors with another type of mechanically adjustable tunneling structure: the squeezable electron tunneling junction. 75 -77 In these junctions the ability to scan laterally was sacrificed to gain stability in the gap spacing. They had enough conductance stability for phonon spectroscopy in superconductors and normal metals, but not enough for molecular vibrational spectroscopy. More specifically, though the COTl.~"'\:.. ' ''"h'''~ ""' ' ' ' "<> ",<-. .... 1.,,'-.. .... enough at low bias voltages there was an abrupt increase to unacceptable noise levels at bias voltages of roughly 40 mY.
It is, however, possible that most of the observed noise was due to the filling and emptying of localized electron traps in thin oxide layers on the electrodes. 7M -Ho If so, stable enough conductances may be achievable with future tunneling microscopes or squeezable junctions that have oxide-free electrodes.
If the excess noise, which is possibly due to localized electron traps, could be eliminated then some molecular vibrational spectroscopy should be possible. The intrinsic noise in high resistance tunnel junctions is dominated by shot noise sl ; the shot-noise voltage is V. l1 ~"';2eVRAf. For V = 100 m V, R = 10 MD., and tl,/= 1 Hz, this gives Vsn ::::: 6 X 10 -7 V. Molecular vibrational spectra for oxidebarrier junctions are generally measured with a second harmonic voltage detection scheme 69 • 7 ,; peak heights are in the range 1O-R -5 X 10-6 V for a 2-mV modulation level. Thus the largest peaks R2 • 83 would be almost an order of magnitude above the noise level in a I-Hz banriwidth. Increasing the modulation level and decreasing the bandwidth would help in the obscrvation of smaller peak;;;. The price paid would be less resolution and longer measuring times.
The importance of molecular vibrational spectroscopy is not that there is any great interest in the vibrations themselves, but rather that the vibrational spectrum reveals not only what molecules are present, but even the details of their bonding to a surface. 69 Thus if molecular vibrational spectroscopy were possible with a tunneling microscope it might be possible to do chemical analysis of adsorbed layers on a molecule by molecule basis. Figure 29 shows experimentaf 9 and theoretical 22 im-agesofHOPG for comparison. In both images the dominant feature is a low spot (black) in the center of each graphitic ring. This is due to the low electron density there. The tip must dip close to the surface to maintain a constant tunneling current. A more subtle feature of the images is the inequivalence of the surface carbon atoms that make up the graphitic rings. Surface carbon atoms that are not above carbon atoms in the second layer (black dots in the figure) have maxima over them (with spots). On the other hand, surface carbon atoms that are above carbon atoms in the second layer (white dots in the figure) do not have visible maxima over them. Here too experiment and theory are in agreement. Figure 30 shows raw and digitally filtered images of HOPG taken in air at ambient pressure. 84 The digital filtering used the Wiener optimum filter 85 with the assumption that there was 1// noise along the x axis and white noise along the y axis. These were the first published images to reveal that atomic-resolution tunneling microscopy was possible in air. Figure 31 shows that it is even possible to obtain atomicresolution images under water. Though this image was obtained under deionized water, Sonnenfe1d R6 has more recent- ly obtained atomic-resolution images even under a commercial gold plating solution. S ? Though tunneling microscopy in vacuum represents a real advance in analytical techniques it is, in some ways. in competition with electron microscopy, which also has atomic resolution. 4ii In air at ambient pressure and in water there is no atomic-resolution competition. Most studies in these environments are done with optical microscopes, which reached their fundamental resolution limit of roughly 2000 A by the 1890's. X-ray microscopy88 has achieved a lateral roesolution of 75 A. In the future, lateral resolutions of 10 A may be possible,88 but atomic resolution seems unlikely. Thus, the atomic resolution that is now possible with tunneling mi- 
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Transition-metal chalcogenldes
One of the things that is becoming clearer is that scanning tunneling microscopy probes not the topology of a surface, but rather the topology of the electron distribution above the surface. The topology of the electron distribution above the surface usually follows the topology of the surface-but not always. For example, if a charge density wave is present on a surface, the topology of the electron distribution, and hence, tunneling microscope images,89,90 can be completely different, at least on an atomic scale, from the topology of the surface. More subtle examples are the nearly two-dimensional materials such as highly oriented pyrolytic graphite (HOPG) and transition-metal dichalcogenides without charge density waves. For these materials the electron distribution has the same periodicity as the surface topology, but the amplitude and shape of the features in the electron distribution, and hence in the tunneling microscope images 21 -27 can not only differ from the surface topology, but even have dramatic voltage dependencies. 24 These experimental results can now be understood with new theoretical work 22 • 24 based on the original work of Tersoff and Hamann. 13.14 The new work calculates the appropriate electron densities, and predicts tunneling microscope images in at least qualitative agreement with experiment. Figure 32 compares images taken above different regions on 4Hb-TaS z immersed in liquid nitrogen. 9o Though all cleaved surfaces of 4Hb-TaS z are covered with closepacked sulfur atoms, the atoms are only visible in Fig. 32(a) . Figure 32(b) is dominated by relatively high amplitude features with a lattice constant over three times as large as the lattice constant of the atoms.
The 4Hb phase ofTaS 2 has four layers per unit cell with alternating layers of triagonal prismatic and octahedral coordination. 90 At 77 K only the octahedral layers support a charge density wave. Its wavelength is vB times the atom spacing. Thus, if a triagonal prismatic layer were exposed one would expect to see only atoms. If an octahedral layer were exposed one would expect to see charge-density waves. Figure 33 supports these ideas. The central terrace has a charge density wave and thus must be an octahedrallayer. 90 Ifthe terraces to the left-and right-hand side are one cleavage plane above and one cleavage plane below the central octahedral layer, then they would be trigonal prismatic layers without charge density waves as seen in the image. (Unfortunately there was not enough resolution in this image to clearly reveal the atoms on these layers. )
Coleman and his co-workers have also imaged 1 T -TaS 2 , IT-TaSe 2 , 2H-TaS z , and 2H_TaSe2.89.90 For example, Fig.  34 shows atoms and single atom defects on 2H-TaS z . Immersion of this microscope 39 in liquid nitrogen helped decrease thermal drifts and provided an inert environment. Immersion in liquid helium should be even better for low-drift, high-resolution imaging. Could traces of the shapes of atomic orbitals be resolved? The answer should be known within the next few years.
(0) Figure 35 is an image 91 of oxygen chemisorbed on Ni ( 110). The maxima (light regions) in ordered 2 X I domains were associated with individual oxygen atoms. 91 The surface coverage of these maxima was determined by counting to be () = 0.35, in agreement with independent measurements 92 • 93 of the saturation coverage of oxygen on Ni( 110).
E. Adsorbed molecules and biological materials
Though oxygen on Ni was the first published image of a surface with ordered, isolated adsorbate atoms, there are earlier images with structures probably due to adsorbateseven in one of the very first papers on tunneling microscopy. I In another early paper, Binnig et aUI attributed hills on a Au( 110) surface to carbon clusters one and two layers high based on the fine structure on the hills and the detection of carbon with AES. Figure 36 is an image of DNA on a carbon substrate. This image is interesting for many reasons. It shows that some adsorbates are imaged as dips rather than peaks; the tip Charge density waves are revealed as bumps 12. I I ± 0.12 A apart, presumably in regions where the octahedrally coordinated layer is exposed. Figure  from ward the DNA and still not touch it, and, probably most importantly, it shows that tunneling microscopy may contribute to biology by supplying images of macromolecules. Baro et al. 95 have shown that cleaved highly ordered pyrolytic graphite (see Sec. V D I) is atomically flat over regions of order 1000 A in lateral dimensions and thus can be used as a substrate for imaging biological structures. They have als0 95 deposited bacteriophage ¢J29 on a graphite surface from an aqueous solution, airdried the surface, imaged it with a tunneling microscope, and compared their images to those from conventional electron microscopy.
There are definite similarities between the structures reported for the two techniques. 95 Further research will determine the reproducibility of this pioneering work and the mechanism of imaging. For example, one thing that is still mysterious at this time is why the tunneling tip apparently went up and over the ¢J29 rather than dipping toward it as for the DNA. Perhaps enough water of hydration was retained by the ¢J29 after air drying to make it somewhat conductive, but this is only speculation at present. The ability to image macromolecules will be especially significant if they can be imaged in their fully hydrated, biologically active state. As mentioned before, tunneling microscopy in vacuum competes with other types of electron microscopy. These have already made important contributions to the imaging of biologically significant structures in the dehydrated state-with inferences, based on elegant experimental techniques to what they must have been like in the hydrated state. Still, it would be at least comforting and possibly very revealing to actually image structures in the fully hydrated, biologically active state. Fast imaging in the hydrated, active state may also open the door to imaging of biological processes in real time.
Progress in this direction has already been made. As mentioned previously, fast imaging 5 and imaging of surfaces under aqueous solutions 42 have already been accomplished. More recently, fast imaging of a lipid bilayer at molecular resolution has been reported. 90 The bilayer was of cadmium arachidate on a graphite surface. The molecular spacing was measured to be 4.9 A, in agreement with electron diffraction data. Figure 37 shows that some lithography can be done by simply scratching the surface with the tip of the STM.97 The same group also found that it was possible to deposit material from the tip onto the surface. Thus it was possible to use the tip both to remove and to deposit material. Surface diffusion could be observed with the STM on a time scale of minutes after material was transferred. Figure 38 shows lines with an average spacing of 160 A drawn with an STM on glassy Pd H ,Si '9 (Ref. 98) . It was proposed that these lines are composed of carbonaceous material polymerized by the STM tip from the hydrocarbon film that covered the surface. The presence of the hydrocarbon film was known from XPS measurements. Ringger et al. 98 also proposed that conducting lines could be deposited by operating at STM in a gas containing main group alkyl compounds or transition metal alkoxy complexes. These materials would be decomposed electrically under the STM tip and deposit metals on the substrate.
F. Lithography
More recently, McCord and Pease,99 who are experts in electron-beam lithography, have begun work on STM lithography. They used the STM tip to expose both "contamination" resist (composed of hydrocarbon contamination) and a thin Langmuir-Blodgett film of docosenoic acid. They produced lines spaced roughly I /.lm apart with widths of order 0.1 /.lm with both resists, but the "contamination" resist gave better results. They proposed that chalcogenide inorganic resist systems lOO and metal halide resist systems 10 I might be useful in future research and mentioned that much improvement in writing speed would be necessary for device manufacturing.
Clearly the STM has the potential for doing state of the 
VI. SPECULATIONS ON THE FUTURE
Some of the future is relatively easy to see. Established groups in the area of surface science will add STM to their alphabet soup of techniques: AES, LEED, UPS, XPS, TPD, et al. This is, for example, what has happened to high-resolution electron energy-loss spectroscopy (HREELS) over the past 10 years. The availability of commercial apparatus 102 will accelerate the process. More possibilities for the future have been discussed at the end of the various subsections in Sec. V.
The rest of the future, though more difficult to see, is more interesting to contemplate. In a remarkably farsighted paper written over 25 years ago, Feynman 103 proposed that: "There's Plenty of Room at the Bottom." He saw that we were far from any natural limits to miniaturization in many areas such as computers and machine tools.
He pointed out that miniaturized devices would have an enormous number of technical applications. we can arrange atoms an mo ecules the way we want "we will get an enormously greater range of possible properties that substances can have, and of different things that we can do. " 103 More recently, he presented arguments that "the law of physics present no barrier to reducing the size of computers until bits are the size of atoms, and quantum behavior holds dominant sway." 104 Conrad Schneiker forsees a "NanoIndustrial Revolution" based on "nanotechnology" made possible by scanning tunneling microscopes and their descendents. IO~ He discusses applications to computers, medicine, optics, materials research, and other fields. He even offers prizes to stimulate further miniaturization ofSTMs: "The challenges are to construct, operate, and publicly demonstrate STMs (including the mechanical positioning and scanning system), which can be controlled from the outside and which (not counting lead-in wires, fiber optics, etc.) are of the following sizes or smaller: (1 mm)3, (l()() Ilm)], (10 Ilm)3, (1 pm)3, (100 nm)3, and (10 nm)3 .... The prizes, one per category, are currently $1,000."
A key to many of the possible future applications of tunneling microscopy will be the development of the capacity to manipulate atoms and molecules with the tip. The lithography discussed in Sec. V F is a start. Gomer 106 has even calculated rates for various mechanisms of transferring atoms from or to the tip. Future possibilities include tips terminated with enzymes or antibodies to do biochemical operations. The point is that even some current STMs have enough stability to position and hold a tip over individual atoms. The tip can be thought of as a miniature robot armbut one that currently lacks a hand.
Ideally, the hand should not only be able to grasp, but also to feel. Pressure sensitive transducers that give robot hands the ability to feel when they contact an object and then grasp it with a specified force have been a major advance in robotics. Though it may sound too wonderful to be true, progress has already been made in giving a scanning microscope the ability to feel a surface with its tip.
Binnig, Quate, and Gerber 107 have proposed a scanning microscope that can feel forces of order the interatomic force between two atoms. They have given sample calculations of what should be possible with relatively straightforward applications of current microfabrication technology and find that an "atomic force microscope," as they have christened it, should be possible to build. They even built a simple prototype using gold foil for a spring and a diamond tip. Their proposed model with a spring mass of 10-10 kg and a resonant frequency greater than 2 kHz should be able to scan a surface while negligibly deforming it. The immediate application for an atomic force microscope is surface topography of insulator surfaces, which cannot be studied with STMs.
Another recent development with implications for the future is the use of a scanning tunneling microscope to plot potential distributions across a sample with microscopic resolution. Muralt and Pohl 108 used an ac bias voltage and corresponding ac tunneling current to set the distance above the surface and thus follow surface topography. There was also a dc voltage drop from one end of the sample to the other. The tip came to nearly the dc voltage of the part of the sample directly under it with the flow of dc tunneling current. Thus the surface topography and potential distribution could be measured at the same time.
Further information on tunneling microscopy and its bright future can be obtained from overviews of the field that have been published elsewhere.lo9-11-l VII. SUMMARY ( I) Lateral resolution is now sufficient to resolve protruding atoms on reconstructed surfaces and close-packed atoms on layered materials. Carbon atoms separated by 2.46 A have been clearly resolved on graphite by several groups.
(2) Vertical resolution is now sufficient to resolve height differences as small as 0.02 A in surface reconstructions.
(3) STMs have already been operated in vacuum, air, oil, liquid nitrogen, and water. They can probably be operated in most gases and liquids. (4) STM has already been a powerful tool for studying a few surface reconstructions. Tens or hundreds of surface reconstructions will probably be studied within the next IO years.
(5) Lithography with STMs has already produced lines separated by 160 A. The potential for atomic scale manipulation exists. (6) A few laboratories have begun exploring the potential of STM for biological materials. Operation under water may give STM an important advantage over conventional electron microscopy. Especially intriguing is the possibility of studying biological processes such as DNA replication.
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APPENDIX: VIBRATIONAL ISOLATION
Each stage of a vibration isolation system consists of elastic materials (e.g., springs or pieces of rubber) supporting a mass m. It can be characterized by a resonant frequency fR' As shown in Fig. 39 there are three regions offrequency: (1) well below the resonant frequency the vibration isolation does nothing, vibrations are transmitted with just a little amplification; (2) near the resonant frequency vibrations are amplified substantially; and (3) well above the resonant frequency vibrations are attenuated.
You can easily strengthen your intuition for these three regions right now by holding a rubber band in your hand and hanging a weight (e.g., a pair of scissors) from it. As you move the top of the rubber band up and down slowly the weight moves with nearly the same amplitude as your hand, as you move it near the resonant frequency the weight moves with greater amplitude, and finally, if you vibrate your hand up and down very rapidly the weight will only move a little.
The amount of amplification near resonance and attenuation above resonance depends on the damping. As shown in Fig. 39 , for critical damping the amplification has a maximum ofless than 1.5, but then the attenuation is only a factor of 5 for a frequency 10 times the resonant frequency. Typical rubber has a damping of order 0.05 of critical. This gives an amplification of 10 near resonance, but an attenuation of over 50 for a frequency 10 times the resonant frequency. Typical undamped steel springs have a damping of order 0.005 of critical. This gives an amplification of 100 near resonance and an attenuation of roughly 100 for a frequency IO times its resonant frequency. Thus some damping is desirable-for the extra factor of2 attenuation by undamped steel springs at IOfR the price is a factor of 10 more amplification near resonance--but critical damping is usually too much. Between 0.2 and 0.02 of critical damping is often a good range. The lower the resonant frequency relative to frequencies of interest, the less damping is necessary.
Thus, other things being equal, it is desirable to have as Iowa resonant frequency as possible. Figure 40 shows the resonant frequency fR as a function of static deflection of the elastic materials, 11. It is given by the formula fR = (l!21T) /gTiJ.· = 0.5 Hz \1 II 11 (In-meters).
It is at first surprising. but nevertheless true, that the resonant frequency depends on the mass and spring constant only in this way; a car that deflects its suspension by 5 cm will have the same resonant frequency as a pair of scissors that stretches a rubber band 5 cm. It is worth noting that elastic supports with static deflections in the range 0.1-1 mm must be avoided. They wiH amplif~ vlbrati.on~ t\~h\. i..n. \.\0, ... range in which building vibrations are most troublesome already. For other types of support such as in air-supported tables, more complex formulas apply. IIS.llb
The quality of vibration isolation can be quantitatively Resonant frequency for an object that stretches (or compresses) its elastic supports by a given static deflection can be read from this graph. Note that resonant frequencies below I Hz require static deflections above 0.1 m.
evaluated with an inexpensive geophone as manufactured for oil exploration (e.g., U5B for under $50 from Mark Products, Houston). This manufacturer recommends, for testing geophones, a basic vibration isolation system that we have found to be convenient and effective. Simply hang a large mass (a block of concrete is excellent) by rubber rod, tubing or aircraft landing gear shock cord from the ceiling. The rubber should stretch at least one yard to give a resonant frequency below 1 Hz. Alternately one can use commercial air supported tables as manufactured primarily for optical applications (e.g., from Barry Controls, Watertown, MA). It is important for any vibration isolation system, and especially for these tables, to get the center of mass of the supported mass as low as possible relative to the supports; it does not work well to simply place a heavy vacuum chamber on top of a standard table.
The two systems can attenuate vibrations at 20 Hz (a typical building vibration frequency) by of order 100. It is important to note, however, that these relatively large systems are not necessary for atomic resolution microscopy. Several groups have operated microscopes with compact vibration isolation systems and done without isolation at low frequencies. It is a question of how quiet the laboratory environment is, how rigid the microscope is, and how much distortion of images one can tolerate in a given experiment.
